Polarimetric optical fibre sensors have been embedded within the 0° ply and close to the 0/90 interface of transparent cross-ply GFRP coupons. The coupons have been subjected to an increasing quasi-static load so that transverse ply cracks initiate and propagate across the coupon. Crack accumulation has been monitored using the optical output signal from the polarimetric sensor, strain measurements from a long gauge-length extensometer, load recordings during the test and by video recording of crack development. These combined observations have enabled a direct correlation to be made between matrix crack growth past the sensor and a step-change in the sensor response. The use of band-pass FFT filtering has demonstrated that such cracks could be detected in real time.
Takeda et al [3] ; Okabe et al [4, 5] ; Kwon et al [6] ; Tsuda et al [7] ; Murukeshan et al [8] , Ussorio et al [9] ). Of these techniques, only Fibre Bragg grating (FBG) optical sensors possess the potential to detect matrix cracking damage, as both Takeda and colleagues and Ussorio and colleagues have shown recently (e.g. Okabe et al [4, 5] ; Ussorio et al [9] ).
A difficulty encountered with FBG sensors, as Okabe and colleagues have noted, is that it is necessary to locate the sensors at stress concentrations where cracking is expected to occur.
The advantage which integrating sensors have over FBG sensors is that an extensive portion of the composite can be monitored. In the polarimetric sensor, the optical core of the Hi-Bi fibre, which has been pre-stressed during manufacture to produce a state of high birefringence, transmits orthogonally polarised components of light with different velocities.
Longitudinal or lateral strains affect the stress birefringence, and hence the optical path lengths, producing a change in the relative phase of the orthogonally polarised optical signals.
The interference of these signals results in a dynamic change in the output signal that can be used for damage detection. The two orthogonal optical axes, which lie in the core of the polarimetric fibre, are differentially affected by strain, leading to a concise sensor structure without the need for an additional reference fibre as required by a standard interferometric sensor such as the Michelson or Mach-Zehnder interferometer. This compactness is bought at the cost of a reduced longitudinal sensitivity (the polarimetric sensor has a longitudinal sensitivity about 100 times smaller than the Michelson interferometer) although there is an enhanced transverse sensitivity which is particularly useful for damage detection. Polarimetric sensors can detect various physical fields, for example temperature (Rasmussen and Scholl [10] ), strain (Asundi et al [11] ) pressure (Passy et al [12] ; Norbert et al [13] ) and they have been used in diverse applications ranging from acting as the basis of a weight sensor (Liu and Chuang [14] ) to delamination detection in composite materials (Murukeshan et al [8, 15] ).
Sirkis et al [16, 17] developed a phase-strain model for polarimetric strain sensors based on fictitious residual strains, for which the phase-strain equation can be written as:
where ∆ϕ is the relative phase change between the two polarisation modes caused by threedimensional strains ε 1, ε 2 and ε 3 (the three normal strains), where λ is the wavelength of light in vacuum, and K 1 , K 2 and K 3 are dimensionless coefficients which determine the contribution of each component of the normal strains to ∆ϕ. ∆L is the sensing length. The change of phase of the optical output is thus determined by the change of strain state around the sensors.
Murukeshan et al [8] studied the detection of delaminations in composite laminates by embedding a polarimetric sensor in CFRP or GFRP laminates within which delaminations had been deliberately introduced. Changes in the optical output of the polarimetric sensor were related to the change in lateral strain due to the delaminations, demonstrating the feasibility of on-line health monitoring of composites using such a sensor. The present study uses a polarimetric sensor to detect the growth of matrix cracks in a cross-ply composite laminate.
The transparent nature of the composites used in this work enables the time at which the cracks interact with the sensor to be determined directly.
EXPERIMENTAL PROCEDURE

The polarimetric sensor
Polarimetric fibre optical sensors (FOS) were embedded in (0/90/0) cross-ply laminates and some sensors were also embedded in unidirectional composites (the fabrication details of coupons containing sensors are given in [18] ). The ply thicknesses of the laminates were 2.0±0.2mm. Coupons were 20.0±0.5mm wide and aluminium end tabs, 20±1 mm long, were bonded to the coupons using adhesive (3M Scotch Weld 490). Grip inserts were specially machined to enable the optical fibres to emerge from the coupon and so that the coupons would fit into standard Instron wedge grips.
A polarimetric sensor was chosen for three reasons. Firstly, an integrating sensor is useful for matrix crack detection because it is usually not possible to predict the position of the first matrix crack in a cross-ply laminate under load. Secondly, a polarimetric sensor is sensitive to changes in the lateral strain field, and thirdly it is a simple sensor to construct and is potentially an inexpensive solution for damage monitoring in large composite structures.
High-birefringent single-mode polarisation-maintaining Panda fibres (obtained from Fujikura Europe Ltd) were used to manufacture the sensors. In most cases, the outer protective nylon coating and inner silicone coating were removed from the fibre using a coating stripper and a lens tissue soaked with high purity alcohol was used to clean the stripped fibre. Localisation of the gauge length within the composite was achieved by rotating the axes of the fibre through 45° in the sensing section relative to the orientation of the lead-in/lead-out sections of the optical fibre. Splicing was carried out using a Fujikura fusion splicer (model FSM-20PM) using spark fusion and the gauge length of the sensor (i.e. the length between the two 45° splices) was in the range from 80 mm to 100 mm. The fibre lengths which emerged from the coupon were spliced, using 0° splices, to the rest of the optical system (see Figure 1 ). This procedure enabled repeat use of the optical fibres carrying the input and output light to the rest of the optical system and produced minimum disruption to the optics.
Experimental arrangement
Linearly polarised light from a He-Ne gas laser, 633 nm operational wavelength, was launched into one of the axes of the fibre and the lead-out fibre was connected to a photo amplifier by a standard connector (see Figure 1) . Separation of the orthogonal modes of the optical signal was achieved by bending the lead-out part of the optical fibre; this causes the loss of one of the modes through the cladding, so that only one mode is detected (Varnham et al [19] ). . Matrix crack propagation across the transparent composite coupons was recorded using a video camera, enabling the position of the crack relative to the sensor to be determined directly. A timer with a resolution of 0.01s was placed beside coupons so that the time when the cracks past the sensor could be recorded. It should be noted that the time shown by the timer and the time recorded by the datalogger were not synchronised exactly. However, by touching the extensometer gently after the test began, and thus introducing spikes into the strain signal, the time difference between the timer and the computer datalogger could be obtained.
EXPERIMENTAL RESULTS
In [18] , the interaction between matrix cracks and passive optical fibres was described. The results presented here show that transverse ply cracks in cross-ply laminates can be detected under quasi-static loading.
3.1 Behaviour of the polarimetric sensor under quasi-static loading.
The polarimetric sensor, when fabricated using stripped fibre, produced irregular but reproducible fringes when the specimens were loaded and unloaded. Figure 3 (a) shows data taken from a coupon under a strain that increases linearly with time from 0% to about 0.325% in 10 seconds, and then reduces to zero again. The optical output shows irregular fringes during loading, and a mirror image of these fringes during unloading. When the same results are plotted as optical output against strain (see Figure 3 (b)), and hence the effect of time is removed, the fringes are of the expected form though surprisingly irregular, and are reproducible for both loading and unloading.
The transverse strains for a sensor embedded in the 0 0 ply of a cross-ply laminate subjected the effective Poisson's ratios for the sensor. From equation (1), the optical response of the sensor is:
where C is a constant. Equation (2) shows that when a polarimetric sensor is embedded in a cross-ply laminate, there is a linear relationship between the longitudinal strain applied to the coupon and the optical output phase change. This means that when the strain varies with time, the fringes induced by the change of strain will vary with time as well, as shown in Figure   3 (a).
The irregularity of the fringes is related to the transverse sensitivity of the bare sensor. This was shown by testing a cross-ply coupon with an embedded sensor that was not stripped of its protective coatings. The optical fringes ( Figure 4 ) are now uniform in terms of spacing and amplitude. In this case, the relatively soft silicone inner coating and the outer nylon coating have smoothed the irregular strains around the sensor caused by the adjacent reinforcing glass fibres, and as a consequence the optical fringes become very regular. However, stripped sensors were used in the crack detection experiments because (a) the sensors with the protective coatings had a very large diameter (about 1.0 mm), and (b) the sensitivity of the sensors to matrix cracking is impaired when the transverse sensitivity is reduced by the sensor coatings.
Detection of matrix cracks in cross-ply laminates
It is well known that when a GFRP cross-ply laminate with a relatively thick transverse ply is loaded that transverse cracks will occur in the 90° ply at a tensile strain of approximately 0.3% -0.4% (see e.g. Boniface and Ogin [20] ). If the cross-ply laminate has a 90° ply thickness of 1 mm as in this work, then crack development normally occurs from the coupon edges and at any location within the coupon gauge length. Hence, as indicated in the schematic diagram in . Figure 8 shows a plot of strain and optical output against time, together with video images that show the development of the first three cracks. The strain signal increases in a roughly linear manner in Figure 8(a) , except for step-changes in strain when cracks 1, 2 and 3 develop.
However, the only step change in the strain signal which corresponds to a step change in the optical signal occurs for crack 2, which developed at about 15.9 seconds on the same side of the hole as the sensor (the position of the sensor is again indicated roughly by a felt tip black line on the coupon surface). Cracks 1 and 3, which developed on the side of the hole away from the sensor, did not affect the optical output of the sensor. Such results confirm that stepchanges in the optical signal are due to cracks growing within the 90 0 ply past the sensor which is located in the 0 0 ply, near the 0/90 interface. Cracks which do not grow past the sensor do not produce a step-change in the optical signal.
CRACK DETECTION USING THE POLARIMETRIC SENSOR AND AN FFT BAND PASS FILTER
The experimental results in Figures 5 to 8 show that there is a step-change in the optical output of the polarimetric sensor when a transverse ply crack grows past the embedded sensor. However, as Figure 5 shows, for example, the step-change in the signal can sometimes be difficult to distinguish from the background noise. For practical applications, a real-time monitoring system requires that the step change in the optical signal due to matrix crack development can be clearly distinguished even if there is significant background noise.
In this section, it is demonstrated that this can be achieved using an FFT band-pass filter. shows the FFT analysis of a period of 50 seconds when no cracks occurred in the sample in the same test. In Figure 10 (a), the FFT analysis shows peaks at about 20 Hz, 50 Hz, 75 Hz, 100 Hz, 150 Hz, 200 Hz, 320 Hz and a collection of peaks at about 65 Hz. The spectrum also contains strong contributions from low frequencies (< 5 Hz) due to the irregularity of the optical fringes. The optical spectrum shown in Figure 10 (b) is almost identical to that shown in Figure   10 (a), despite the development of the five cracks during the period of Figure 10 (a), although there are some small changes in the amplitudes of the peaks. The Fourier transform spectrum of a step-change is, of course, composed of a series of frequencies extending from almost zero to infinity with decreasing amplitude (e.g. Kraniauskas [23] ) but the signal to noise ratio is small for the 5 step changes which occur during crack development in Figure 9 and hence the cracks cannot be identified in the FFT analysis. To determine the time at which the step changes occur (i.e. when the cracks develop), band pass filtering needs to be used to observe the time domain signal with the noise frequencies removed.
Unlike the FFT analysis, which shows the contributions of different frequency components of the spectrum, the use of a FFT filter can provide information about the contributions of a band of frequencies to the spectrum over a particular period of time. When the significant frequency range has been identified, the filtering enables the signal to noise ratio to be greatly improved. The value of using a band-pass FFT filter to produce the results is shown in Figure   11 , which is an analysis of the optical data of Figure Contributions of different bands of frequencies to the amplitudes of each of the five peaks shown in Figure 12 are plotted in Figure 13 . In this figure, the amplitude of each of the five peaks for the different frequency ranges is plotted against the mean value of the frequency range. The figure shows that the Fourier transform spectrum of the step-changes in the optical signal is composed of a series of frequencies. The contributions of different frequencies obviously varies when the band of frequencies analysed is moved to higher values. Note that in Figure 13 , each data point presents the contribution to the amplitude of the peak by a band of frequencies 50 Hz wide (45 Hz for the first column of the data).
The frequency analysis above suggests that the lower frequency of the band pass filter should be about 100 Hz to block out irrelevant low frequencies, and the highest frequency taken should be about 300 Hz to obtain a good signal/noise ratio. Figure 14 to 14(f), the occurrence of the five cracks identified as A to E, is compared with a more detailed analysis of the data in Figure 9 . The occurrence of each crack, labelled A to E, is accompanied by a step-change in the optical output. Figure 14 shows that real time monitoring of crack development would be possible by applying an FFT band-pass filter to the output from the polarimetric sensor enabling the onset of cracking to be distinguished from background noise.
DISCUSSION
The present work has shown that a polarimetric sensor can be used to detect the onset of matrix cracking in a laminate due to the step-change in the optical signal that occurs when the crack grows past the sensor, but the precise origin of the step-change, and its magnitude, are not easy to predict.
As mentioned in Section 3.2, when a transverse ply crack grows across a laminate as a result of an applied mechanical load, two effects produce an immediate increase in the length of the coupon. Firstly, the compressive thermal strain within the 0 0 plies is relaxed around the crack producing a lengthening of the specimen. Secondly, in addition to the local relaxation of thermal strain, the compliance of the specimen increases as a result of crack formation. An additional effect is the change in the transverse strain related to the local change in the Poisson's ratio of the laminate as a consequence of the development of a crack (Smith and Wood [24] ).
These strain changes can all be expected to change the sensor output for the following reasons. Firstly, when the polarimetric sensor is positioned close to the 0/90 interface, as in these experiments, the sensor will experience a sudden large local change in strain state as a result of the crack passing the sensor. Indeed, experimental measurements using the Raman effect with a Kevlar fibre embedded in the 0 0 ply near the 0/90 interface (Arjyal et al [25] )
suggest that when a crack develops the local longitudinal strain magnification in the 0 0 ply close to the 0/90 interface is about 7. Secondly, the global strain change in the coupon due to the compliance change arising from crack formation will produce a longitudinal strain change in the sensor. However, it has been shown here that only cracks that pass adjacent to the sensor are detected, from which it can be inferred that the strain due to the compliance change does not produce a step-change in optical output. Hence, it can be concluded that the step-change is induced by the complex interaction between the changes in local strains that accompany crack formation (both longitudinal and transverse local strains) and the embedded sensor.
The polarimetric sensor is an integrating sensor and the magnitude of the change in the optical output depends on the integrated effect of the local strain changes on the path difference for both the "fast" and "slow" optical axes of the sensor. These, in turn, depend on the orientation of the optical axes of the Hi-Bi fibre with respect to the axes of the composite.
In these experiments, no attempt has been made to control the relative orientation of the optical axes of the fibre with respect to the composite axes. Sectioning of the composites (Wang, [26] ) has shown that not only does the initial orientation of the sensor axes vary from coupon to coupon with respect to the composite principal axes, but that the sensors also have differing degrees of twist. Hence, it can be appreciated that the prediction of the magnitude of the step-change in the optical signal is complex. However, neither the initial orientation of the sensor axes, nor the degree of twist of the sensor detracted from the sensor's ability to detect cracks that occur anywhere within its gauge length.
CONCLUSIONS
A low-cost, optical fibre system based on a polarimetric sensor can be used to detect matrix crack development under quasi-static loading in cross-ply GFRP laminates. There is a stepchange in the optical output when cracks grow in the transverse ply adjacent to the sensor.
This step-change can be revealed using standard FFT band-pass filtering, if necessary. The polarimetric sensor can detect cracks that occur anywhere within the sensor gauge length and could provide the basis of a low-cost monitoring system for damage detection in large composite structures within aerospace or civil infrastructure applications. 6.0x10 -3 8.0x10 
